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Abstract 
 
Marine coastal habitats provide valuable ecosystem services, including food provision, 
carbon sequestration, and coastal protection, but they are highly threatened by human 
activities. The multitude of human stressors affecting coastal habitats renders their 
conservation a difficult task for environmental agencies with limited budgets. This study, 
using seagrass meadows – one of the world’s most threatened coastal habitats - proposes a 
transparent framework for the conservation of coastal habitats that links information from 
habitat and threat maps to conservation actions, and their costs. The proposed framework and 
the use of a predictive model of seagrass loss allowed the selection of the most cost-effective 
actions to abate stoppable threats (trawling and anchoring), while avoiding areas affected by 
threats that are more difficult to manage, such as coastal development. The relative 
improvement in cost achieved by using the proposed approach was examined by comparing 
with other common prioritization criteria that do not consider cost, including choosing sites 
based on threat level or habitat cover alone. The establishment of anti-trawling reefs was 
found to be the most cost-effective action to achieve the European Union conservation target 
for the protection of seagrass Posidonia oceanica meadows. The number of anti-trawling 
reefs and their establishment location was sensitive to fine-scale information on the 
distribution of fishing activities. The proposed approach always conserved the same habitat 
for lower cost than prioritization schemes that focus actions in areas of highest seagrass 
coverage or highest threat level. The study results suggest that conservation actions should 
not be prioritized on the basis of habitat maps and/or threat maps alone. Impact assessment 
and habitat vulnerability at a local scale would greatly benefit from detailed knowledge of the 
spatial distribution of stressors. At the same time, methods of scaling up the quantitative 
impact of stressors are urgently needed to understand their relationship with seascape-wide 
habitat coverage and to inform conservation of coastal habitats. 
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1. Introduction 
 
Coastal habitats host most of the known marine biodiversity (Gray 1997), yet are threatened 
by multiple human stressors (Halpern et al., 2008, Ban et al. 2010, Grech et al., 2011). 
Coastal areas, being focal points of human settlement and marine resource use throughout 
history, concentrate many human activities, both land- (e.g., coastal development) and ocean-
based (e.g., fishing). Cumulative impacts from such activities are responsible for high rates of 
loss for many marine habitats (Lotze et al., 2006; Waycott et al., 2009). Degradation of 
coastal ecosystems inevitably affects the quality and value of the ecosystem services they 
provide, such as food provision and carbon sequestration (Barbier et al., 2011). Therefore, 
conserving coastal habitats and securing the biodiversity and ecosystem services they 
support, requires actions that abate multiple threats. 
 
Environmental agencies charged with conserving coastal habitats must decide which threats 
to act on and where to take actions to abate those threats. Decisions for conservation should 
consider the costs and benefits of alternative actions, because regional agencies have limited 
budgets and typically cannot mitigate every threatening process within their region. Further, 
it is unusual for all threats to be addressed with a single action; typically multiple actions are 
required. For instance, threats to seagrass meadows or coral reefs imposed by domestic waste 
can be mitigated with the establishment of sewage treatment plants (Pergent-Martini et al., 
2002; Reopanichkul et al., 2009), while the mechanical damage caused by boat anchors can 
be arrested with the establishment of ecological moorings (Francour et al., 2006). Informing 
decisions on actions at regional scale requires: (1) mapping the habitat, (2) mapping the 
threats, (3) estimating the loss caused by threats and the interactions among those threats, (4) 
determining actions to address these threats, and (5) identifying the costs and benefits of 
actions. To achieve the greatest benefits for conservation, agencies should then take the 
actions that are predicted to conserve the greatest amount of habitat given limits to their 
budgets. 
 
Several studies have contributed to informing decisions about coastal habitat conservation 
(e.g., Giakoumi et al. 2011; Grech et al. 2011; Parravicini et al. 2012), yet few have brought 
together the necessary information to prioritise the most cost-effective actions for conserving 
habitats at a regional scale. For example, Klein et al. (2012) modelled where the protection of 
forest may deliver the greatest return on investment for improving condition of coral reef 
ecosystems in Fiji. Current mapping techniques have greatly improved our knowledge of the 
distribution and abundance of submerged coastal habitats, such as seagrass and coral reefs 
(e.g., Mumby & Edwards, 2002; Roelfsema et al., 2014). Additionally, recent studies 
mapping human impacts at various spatial scales have provided valuable information on 
where threats occur (e.g., Halpern et al., 2008; Grech et al., 2011; Parravicini et al., 2012). 
While threat and habitat maps suggest sites where management can mitigate the greatest 
amount of threat or protect the most habitat, they may be inadequate for identifying the most 
cost-effective actions (Withey et al. 2012). Not all threats are equally manageable, nor is the 
cost of actions to mitigate threats equal (Prugh et al., 2010). Fundamental knowledge 
obtained from threat mapping studies needs to be combined with estimated habitat loss rates 
caused by threats, and costs of conservation actions, to cost-efficiently minimize losses. 
 
While prioritization of actions based on cost-effectiveness has been supported by many 
studies in terrestrial ecosystems (e.g., Wilson et al., 2006; Evans et al., 2011; Auerbach et al., 
2014), such analyses are rare in marine systems (but see Klein et al., 2012). Prioritization 
methods for terrestrial ecosystems may not translate directly to marine habitats, because 
marine ecosystems function in fundamentally different ways (Carr et al. 2003) and are more 
challenging to map than terrestrial ecosystems (Levin et al. 2014).   
 
The present study, using a structured decision-making approach for a case study of a coastal 
area impacted by multiple human stressors, demonstrates how to use threat maps to prioritize 
actions for the conservation of seagrass meadows, one of the world’s most rapidly declining 
coastal ecosystems (Possingham et al. 2001; Waycott et al., 2009). Besides adapting methods 
developed for terrestrial ecosystems to the marine environment, this work explicitly considers 
threats that cannot be acted on. This aspect has been largely overlooked in previous terrestrial 
and marine action prioritization studies (Tulloch et al., 2015). Further, it is examined how 
conservation plans which combine habitat and threat maps with management costs compare 
to conservation plans which prioritize actions using only habitat cover and/or threat intensity. 
 
 
2. Material and methods 
 
2.1. Mediterranean seagrass case study  
 
To illustrate the proposed approach the shallow waters of the Greek Ionian Archipelago and 
adjacent gulfs was selected as a case study (see Fig. A.1 in Supporting Information). There, 
seagrass meadows of the endemic species Posidonia oceanica (Linnaeus) Delile have high 
conservation value (Giakoumi et al., 2013), conservation management of this species is 
active and ongoing, and the size of the region is typical of the scale that management 
decisions are made. Posidonia oceanica meadows are one of the most diverse and productive 
marine habitats on the planet, hosting over 400 plant and several thousand animal species 
(Boudouresque et al., 2012). Coastal development, trawling, fish farming, pollution, and boat 
anchoring have been largely responsible for the loss of P. oceanica meadows (Boudouresque 
et al., 2012), while climate change further exacerbates the effects of these local threats (Jorda 
et al., 2012; Pergent et al., 2014). Due to slow horizontal vegetative growth (~2-6 cm yr-1; 
Marba et al., 2002), recovery of P. oceanica may take centuries depending on the severity of 
impacts. The case-study is ideal for illustrating our approach because (1) it includes both 
continental areas and islands experiencing different levels of human pressure, (2) extensive 
mapping efforts of ecological and human stressors have been conducted (Giakoumi et al., 
2012; Issaris et al., 2012), and (3) typically inaccessible data on trawling pressure, a major 
threat for seagrass in the Mediterranean Sea (Boudouresque et al., 2012), are available 
(Issaris et al., 2012).  
The study area was divided into 3807 planning units (PUs) each of 1 km2. The 50-m isobath 
was chosen as the deeper limit of the study area as P. oceanica does not occur beyond that 
depth. Data compiled and synthesized during the project Monitoring and Evaluation of 
Spatially Managed Areas (MESMA) were used in the present study (see Issaris et al., 2012 
for methodological details): (1) Data layers for P. oceanica spatial extent were based on data 
assimilation from local surveys within the frameworks of research projects of the Hellenic 
Centre for Marine Research, grey literature, and expert judgment. The layers produced were 
used to estimate the percent coverage of P. oceanica meadows in each planning unit (PU), 
which were assigned a seagrass coverage of either: 0%, 5%, 15%, or 35%.  These classes 
were used, because continuous measures of cover are presently lacking. In the absence of 
comprehensive large-scale habitat mapping surveys in Greece, these are the best available 
maps of P. oceanica coverage, and are used by the Greek authorities. (2) The estimation of 
trawling pressure to seagrass meadows was based on estimates of the spatial distribution of 
fishing effort of trawlers in the area based on data from a GPS Vessel Monitoring System 
(VMS) operating on board fishing vessels. (3) A point-based map of the distribution of 
existing fish farms within the study area was produced using Google Earth satellite images. 
(4) Population density was used as a surrogate for urbanization, in the absence of detailed 
data on coastal development (Baird, 2009), based on data from the Hellenic Statistical 
Authority population census (Hellenic Statistical Authority, 2001).  
2.2. Conservation objective 
The objective was to conserve 65% of the distribution of P. oceanica meadows in the study 
area, according to European Union (EU) guidelines, within a management time frame of 20 
years (European Topic Centre on Biological Diversity - ETC/BD, 2010). Historical data on 
the “original” distribution of seagrass meadows in the region were not available. Therefore, 
the current distribution of the seagrass meadows was used as baseline, in line with the EU 
legislation which explicitly requires setting targets based on current distributions of 
species/habitats (European Commission, 2011). 
(Figure 1 about here) 
2.3. Threat identification and categorization  
For the purpose of this study seagrass threats were classified as “stoppable” and 
“unstoppable” (Fig.1). Trawling and boat anchoring cause widespread mechanical damage to 
P. oceanica. Although trawling is prohibited in waters less than 50 m or 100 m in most EU 
Mediterranean countries, in practice, trawling is widely practised illegally in shallower depths 
(Kiparissis et al., 2011; Boudouresque et al., 2012). Illegal trawling and leisure boat 
anchoring were classified as “stoppable”, based on previously proposed actions for mitigation 
of their impacts (Díaz-Almela & Duarte, 2008; Boudouresque et al., 2012).  
Coastal development and fish farms causing changes in sedimentation, water movement, and 
nutrient regimes, were considered “unstoppable” in the short to medium term. Actions to 
mitigate the threats of coastal development and existing fish farming are not currently 
feasible because of economic and socio-political pressures given the ongoing economic 
recession in the region. In the long term, necessary actions to mitigate such threats might be 
necessary to meet goals set by the EU Water Framework Directive, but will require large 
investment in infrastructure which will be costly and slow to implement. At the same time, 
the economic crisis has moved environmental and conservation issues lower in the political 
agenda as citizen concern over environmental issues has been declining steadily since 2009 
(Katsanevakis et al. 2015). Other land-based threats, commonly considered important to 
seagrass (see Grech et al., 2012), such as urban pollution and agricultural runoff were not 
considered here. Pollution from domestic waste for settlements with more than 5 000 
inhabitants, as well as industrial waste, is already treated in the study region, while seagrass 
experts do not perceive agricultural runoff as a primary threat for seagrass in the 
Mediterranean Sea (Grech et al., 2012; Giakoumi et al., 2015). 
2.4. “Stoppable” threats distribution and impact assessment 
Trawl distribution data were derived from GPS Vessel Monitoring Systems (VMS) obtained 
by the Hellenic Ministry of Marine Affairs, Islands, and Fisheries (October 2008 – May 
2011). Yacht anchoring data were derived from satellite images and information on 
anchorage popularity (see Appendix B). Trawl intensities were available at the resolution of 
each PU (1 km2). The VMS trawling records in areas shallower than 50 meters were used for 
estimation of illegal trawling effort; it was assumed that records with speeds between 0 and 
4.5 knots corresponded to fishing, while those with speeds >4.5 knots corresponded to 
steaming and were thus excluded. Within each PU it was not known whether trawl paths 
overlapped. Therefore, three hypothetical scenarios were developed for where multiple trawl 
paths occur within the 1km2 PUs: strongly overlapping, intermediately overlapping and 
strongly avoiding (Fig. 2). The area of seagrass impacted by trawling within a PU will be 
higher if sequential trawl paths avoid earlier trawl paths, whereas the area will be lower if 
trawling always follows the same path. In the intermediate scenario it was assumed that 
trawling paths occurred independently of earlier trawl paths. The expected overlap of paths 
was calculated using the negative binomial distribution, which allows for sequential events to 
be independent or correlated (Appendix B). 
(Figure 2 about here) 
The area of a PU impacted by anchoring (Yi) was calculated as the sum of the number of 
boat-days predicted to occur in that PU per season multiplied by the estimated average area 
swept by a single anchoring event. The spatial overlap was not modeled because anchor scars 
are small and overlap was considered unlikely. Different scenarios of anchoring impact were 
tested by increasing the area impacted by an anchor by an order of magnitude (i.e. 10 m2 
instead of 1 m2) and by increasing the number of estimated anchoring events in a given 
location by a factor of two. For both the anchoring and trawling, we calculated the number of 
impact events per year and then multiplied these by the number of years in the management 
time frame to estimate a total number of events.  
No data were available for the impact of trawling or anchoring in terms of area of seagrass 
destroyed. However, it has been estimated that a trawl removes a total of 100 000 to 360 000 
shoots per hour (Boudouresque et al., 2012), while an anchor can destroy an average of 50 
shoots (Francour et al., 1999). Yacht anchoring typically occurs in water shallower than 20m 
(due to limitations in the available anchoring chain, commonly 50m, as at least three times 
more length of chain than the depth of water is recommended for safe anchoring) while 
illegal trawling occurs in water deeper than 20m (estimation based on the VMS data and 
bathymetry of the region, and consultation with seagrass experts). Based on these 
assumptions of the threats’ depth distribution and using the average of typically observed 
values for density of P. oceanica shoots m-2 at various depths (see Boudouresque et al., 
2012), we estimated that the average impact of one trawler per day (assuming 8 tows per day) 
would be 10 000 m2 (i.e. 0.010% of the PU) and of an anchor would be 1 m2 (i.e. 
0.0000011% of the PU) of seagrass. Trawling is banned according to national laws during 
summer and takes place between October and May every year (8 months); within this period 
illegal trawling does not occur as all trawlers remain inactive.  The leisure boat peak season is 
between June and September (4 months). During the rest of the year the low number of visits 
by leisure boats is not expected to have a significant impact on seagrass (Ganteaume et al., 
2005).  
Seagrass loss within a PU was estimated assuming that threat impacts occurred randomly 
with respect to the distribution of seagrass within a PU: 
𝑆𝑆𝑖𝑖𝑖𝑖 = 𝑆𝑆𝑖𝑖0(1 − 𝑄𝑄𝑖𝑖)                                                           (1) 
Where Qi is the proportion of a PU swept by both threats and Si0 is the baseline seagrass 
cover (% of PU), SiT is the seagrass percent cover at the end of the planning horizon (% of 
PU).  
The area swept by both threats was calculated as the sum of the areas impacted by trawl boat, 
Bi, and yacht anchoring, Yi, within a PU: 
𝑄𝑄𝑖𝑖 = 𝐵𝐵𝑖𝑖+𝑌𝑌𝑖𝑖                                                                    (2) 
As mentioned above, yacht anchoring and trawling typically occur in different depth ranges 
so it was reasonable to assume there was very limited overlap between these threats. 
Assuming that shoots are torn out by both threats, the recovery of the seagrass bed will take 
centuries once the cause of habitat perturbation is eliminated (Díaz-Almela & Duarte, 2008; 
Giakoumi et al., 2015). Therefore, the effects of both threats are considered effectively 
“permanent” within the planning timeframe, negating the need to account for temporal 
recovery effects in the modelling. 
2.5. Suggested conservation actions  
The establishment of anti-trawling reefs has proven to be the most realistic and effective 
measure for seagrass protection from illegal trawling in the Mediterranean Sea (Guillén et al., 
1994; Jensen, 2000; Ramos-Espla et al., 2002; Boudouresque et al., 2012). For anchoring, the 
establishment of ecological moorings minimizes the impacts of anchors and anchor chains to 
seagrass beds (Francour et al., 2006).  
Areas nearby to sources of unstoppable threats were assumed to be severely impacted and 
were not selected for direct conservation actions. For fish farms, PUs containing at least one 
farm were not selected for action. For coastal development impact, an index was devised 
where population density was weighted by distance to the coast, and a threshold value was 
selected above which PUs were not considered for conservation actions. We assumed that the 
impact from coastal development I within each PUi is proportional to the area Ai of PU i and 
the size of the nearest human population, Psize, with a component that decreases exponentially 
with distance d from the population weighted by a constant 𝛼𝛼.  
𝐼𝐼i = 𝑃𝑃size ∗ 𝑒𝑒−𝛼𝛼𝛼𝛼𝐴𝐴i                                                          (3) 
We produced three scenarios with different rates of decline in impact (low 𝛼𝛼 =0.01, moderate 
𝛼𝛼 = 0.05, and high 𝛼𝛼 = 0.1) to test the sensitivity of our results to this parameter. We set a 
threshold value for our index (I = 4667, Fig. A.2.) that excluded areas for uptake of 
conservation actions in proximity to regions with population larger than 5 000 inhabitants 
(coastal zones severely impacted/ modified by urbanization; see Giakoumi et al. 2012). 
2.6. Cost estimation 
The cost of each direct action within a PU was estimated based on the implementation of 
such actions elsewhere in the Mediterranean. It was estimated that to protect the seagrass 
contained within a PU of 1 km2 required anti-trawling reefs composed of ~66 blocks of 4.8 
m3. Therefore the cost of stopping trawling was €475 200 /km2 of seagrass (Guillén et al., 
1994; Jensen, 2002; A. Conides, pers. comm.; K. Dounas, pers. comm.). We estimated that 
the number of blocks needed per PU was proportional to the percentage of seagrass within it, 
so the cost of anti-trawling reefs was €166 320 for the PU with the highest seagrass cover of 
35%. The cost of establishment of an ecological mooring was estimated to be € 3 300 
(Francour et al., 2006; Water Marine Services Ltd, pers. comm.). The number of ecological 
moorings, assuming one mooring per boat, required for the protection of each PU was based 
on maximum daily number of boats visiting each PU and was classified as 0, 10 or 30 per 
PU. 
2.7. Prioritization algorithm 
The objective of the prioritization algorithm was to achieve the conservation target with 
minimum total cost  min�∑ ∑ 𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖=1𝑘𝑘𝑖𝑖=1 �, subject to: ∑ 𝑆𝑆𝑖𝑖𝑖𝑖 ≥ 65% 𝑛𝑛𝑖𝑖=1 ,                                                                       
(5)                               
where Cij was the cost of action j in PU i and SiT is the seagrass cover at the end of the 
management time frame. There were k possible actions and n PUs.  
A greedy heuristic algorithm (Chvatal, 1979; Pressey et al., 1997) was used to find the most 
cost-effective solution for achieving the target coverage. It was assumed that within each PU 
there was the option either to do nothing or take one of the three actions: 1) deploy a 
sufficient number of moorings to prevent anchor damage, 2) deploy a sufficient number of 
artificial reefs to stop trawling in seagrass meadows, or 3) deploy both moorings and artificial 
reefs.  
The cost of artificial reefs in a PU was calculated as the number of reefs required to protect 
all seagrass within a PU:  𝐶𝐶𝑖𝑖1 = 𝑐𝑐𝑟𝑟𝑆𝑆𝑖𝑖0 ,                                                               (6) 
where cr was the artificial reef cost per unit of protected seagrass area.  
The cost of moorings in a PU was calculated as: 
𝐶𝐶𝑖𝑖2 =  𝑐𝑐𝑚𝑚𝑧𝑧𝑖𝑖 ,                                                                (7) 
where cm was the cost of an ecological mooring and zi is the number of boats estimated to 
anchor in site i. 
The cost of both actions was the sum of the two costs. 
The algorithm for the greedy heuristic worked as follows: The amount of seagrass loss 
avoided for each of the three actions in a PU was calculated. This was then divided by the 
cost of that action in that PU to get a measure of the efficiency of that action. The most cost-
effective action across all PUs was then found by rank ordering all options. After selecting 
the PU where the most cost-effective action occurs, the cost effectiveness of each action 
within all PUs was recalculated and the second most cost-effective action was selected. This 
second most cost-effective action could occur in the same PU or another PU. This process 
was repeated until the number of actions selected achieved the conservation target of 65% 
seagrass cover.  
The most cost effective solutions were always achieved by ranking PUs based on the cost-
effectiveness of actions within the PUs. To examine the relative improvement in cost 
achieved by using this approach, comparison was made to three other commonly used 
prioritization criteria (e.g. Grech et al., 2011, Micheli et al. 2013), which did not consider 
cost and ranked PUs for action according to: 1) extent of seagrass cover (prioritize PUs with 
higher cover), 2) threat level (prioritize PUs where the area swept by trawling and anchoring, 
Qi, is greater) and 3) avoided seagrass cover loss (prioritize PUs where the avoided loss of 
seagrass cover through acting on trawling or anchoring is greater). For the seagrass cover and 
avoided cover loss criteria it was assumed that the costs of acting in each PU were the same 
as the cost-effectiveness criterion. For the threat level criteria, the cost of actions was 
calculated without using information on seagrass cover. Thus, the cost of artificial reefs for 
the threat level criteria was always the maximum required to cover seagrass in any PU. 
Threat maps typically use only presence or absence of habitats when calculating threats (e.g., 
Halpern et al., 2008), so it was appropriate to assume seagrass coverage was not known. 
Moreover, information about the impact of the threat and benefit of the action are not 
included in threat mapping schemes, thus threat maps do not inform managers on how much 
to spend on actions within each PU.  
The prioritization algorithms for the alternative criteria worked similarly to the cost-
effectiveness algorithm, except that actions were rank ordered by the different criteria. Ties 
between planning units were settled randomly, although the order of randomization made 
little difference to the outcome (<0.5% difference in total cost). Analyses were conducted 
using R software version 3.1.2014-07-03 (R Core Team, 2014). 
 
3. Results 
 
3.1. Cost-effective solution 
 
The most cost-effective way to protect 65% of the current distribution of P. oceanica in the 
study area was the establishment of artificial reefs in areas with high occurrence of trawling 
(Fig. 3). Anti-trawling reefs can prevent large-scale seagrass destruction at a smaller relative 
cost than ecological moorings. The establishment of anti-trawling reefs was the most cost-
effective action regardless of whether sequential trawl paths were assumed to avoid or 
overlap each other, and regardless of the management time frame. However, the number of 
actions and the locations where actions were taken to meet the conservation target was 
sensitive to the degree of overlap in sequential trawl paths. The location and number of anti-
trawling reefs required to achieve the objective and consequently the cost of protection 
increased when the overlap in sequential trawl paths decreased (Fig. 2).  When trawl paths 
were assumed to strongly overlap only 69 actions (anti-trawling reefs) in seven PUs were 
required, whereas for the intermediate trawl overlap scenario 594 actions in 78 PUs were 
required. On the other hand, when trawls avoided following the same paths, 1570 actions in 
172 PUs were required to achieve the 65% conservation target. Consequently, the cost of the 
strongly overlapping scenario was about 10% of the cost of the intermediately overlapping 
scenario, which in turn was almost half the cost of the strongly avoiding scenario (see Table 
C.1). Establishment of anti-trawling reefs remained the priority action even when we 
increased the number of boats anchoring in a given location by a factor of two or increased 
the impact of anchoring by a factor of ten (i.e. 10 m2 instead of 1 m2).  
 
The number of actions, and consequently the cost for conservation, was sensitive to the rate 
of decline of land-based impacts with increasing distance from the coast (i.e. different values 
of the parameter α). Scenarios that assumed impacts decreased rapidly with distance from the 
populated coastline required fewer actions and the cost of conservation was lower (Table 
C.2). 
 
(Figure 3 about here) 
 
3.2. Comparison of prioritization criteria 
 
When comparing the four approaches for choosing priority actions, 1) cost-effectiveness, 2) 
extent of seagrass cover, 3) threat level, and 4) avoided seagrass cover loss, the cost was 
substantially lower using the cost-effectiveness and avoided seagrass cover loss criteria (Fig. 
4, Table C.1). Prioritizing actions within PUs according to seagrass cover or threat level 
resulted to a twofold or threefold increase in cost (assuming intermediate trawling overlap; 
see Fig. 2). Prioritizing PUs by the amount of seagrass cover required more anti-trawling 
reefs (1317) in fewer PUs (57) than in the prioritization by cost-effectiveness scenario (Fig. 3, 
Table C.1). Prioritization based on avoided seagrass loss provided solutions that were almost 
as efficient as the cost effectiveness algorithm (Table C.1).  
 
(Figure 4 about here) 
4. Discussion 
The results presented herein are consistent with findings from terrestrial systems where action 
prioritization based on cost-effectiveness has been employed; expected benefits for species 
were higher when management sites were prioritized by cost-effectiveness than by species 
richness or threat (e.g., Evans et al., 2011; Auerbach et al., 2014, Withey et al. 2012). 
Although the proposed methodology presents many similarities to those developed for 
terrestrial applications, the classification of threats as “stoppable” and “unstoppable” at an 
initial stage to maximize conservation benefits under a restricted budget has been overlooked 
in the past (Tulloch et al. 2015). This approach can be adapted for use in other locations 
where it is important to distinguish the benefits of avoiding places that are impacted by 
unstoppable threats while investing in places where actions can effectively abate threats. The 
categorization of local threats as “stoppable” or “unstoppable” will be taxon-, site-, and scale-
specific, while global threats such as climate change are generally considered “unstoppable” 
(Brown et al., 2014). This binary view of threats may oversimplify reality, where the nature 
of threats is more dynamic and continuous. However, the categorization of threats as 
stoppable and unstoppable within a particular time period (20 years herein) can enable 
environmental agencies to realistically prioritize actions for conservation under a specific 
budget or conservation target. 
Action prioritization for seagrass is expected to differ across ecoregions, as threats to seagrass 
vary in their relative importance across the globe (Grech et al., 2012). For instance, coastal 
development is considered the most important threat in the temperate North Pacific regions, 
but it is less prevalent in the temperate Southern Oceans. Moreover, the explicit 
categorization of threats into “stoppable” and “unstoppable” across regions will also differ 
from our Mediterranean case study. For instance, in the Great Barrier Reef region, Australia, 
land-based threats impacting water quality, such as agricultural runoff, could be considered 
“stoppable” because the government is currently investing in actions to mitigate such threats 
(Grech et al., 2011; Queensland Government, 2013). In contrast, cyclone damage in cyclone 
prone areas is unstoppable. Explicitly accounting for the cost of actions for arresting 
“stoppable” threats in conservation decision-making will assist more efficient seagrass 
protection. However, further work is needed to adapt our proposed approach to diffuse 
threats, such as run-off, because establishing direct links between actions and conservation 
benefits (e.g., the improvement of seagrass habitats by reducing sedimentation) remains a 
challenge. Future steps would include the development of models simulating the relationships 
between sediment run-off, sea water turbidity, and seagrass cover. 
The greatest challenge of the present study was overcoming the mismatch between data 
availability for impacts of threats on seagrass and data requirements to inform the 
prioritization of actions for seagrass conservation. Future empirical studies are needed to 
refine the estimates of seagrass loss calculated in the present study. Magnitude of seagrass 
loss, rate of loss, and rate of recovery, are most commonly expressed in units of area (e.g., 
Waycott et al., 2009; Hughes et al., 2013); whereas, data on impacts are typically expressed 
in units of shoot density. This mismatch applies to many marine coastal habitats, because 
habitat coverage is often measured using remote sensing (e.g., Fornes et al., 2006; Lyons et 
al., 2011), whereas, impact data are collected by on ground surveys. Therefore, novel 
methods of scaling up impacts are needed to understand their relationship with seascape-wide 
habitat coverage and inform coastal habitat conservation.  
At local scales impact and habitat vulnerability assessments would greatly benefit from 
detailed knowledge of the spatial distribution of threats. For instance, in this study coarse 
spatial data on the position of trawlers meant we could not reconstruct trawling paths within 
planning units. Information about fine-scale distribution of fishing activities is important, 
because overlap or avoidance of trawl paths had a large effect on the degree of impact, and 
therefore, the estimated cost. Assuming that trawlers always followed the same tracks meant 
that the impact of trawling to seagrass meadows would be minimal, few actions would be 
required to achieve the conservation objective, and cost of conservation was low. Herein, it 
was demonstrated that presence/absence data of a stressor within a site was not an adequate 
indicator of habitat loss. Thus, the utility of threat maps for estimating the cost of 
management actions is limited by their ability to resolve human impacts to habitats at very 
fine scales.  
More detailed information about the spatial distribution of threats and their impacts could 
also provide evidence for potential recovery of species, habitats, or ecosystems. For example, 
trawls which are closer together would be more likely to hinder recovery than trawls further 
apart. In the context of this study, regrowth of P. oceanica is very slow, such that even under 
ideal conditions differences in recovery are unlikely to have a significant effect (Marba et al., 
2002; Boudouresque et al., 2012). Further developments of the method presented herein for 
other species or habitats, or for longer time-scales, could include recovery trajectories. 
 
Incorporation of non-linear interactions within and between threats into the present 
framework would be useful. For example, if anchoring density and frequency are too high, 
the resultant sediment erosion may be accelerated by enhanced hydrodynamics (Díaz-Almela 
& Duarte, 2008). Spatial variability in the impacts of climate change was not accounted for in 
our model because changes in temperature, sea-level rise, and acidification will likely be 
uniform over regional areas. However, when planning in larger areas these unstoppable 
threats and their interactions with stoppable threats should be incorporated (Brown et al. 
2014). 
 
Actions for threat mitigation may differ across regions. For the presented case study, the 
establishment of anti-trawling reefs was the most effective measure for controlling illegal 
trawling (Guillén et al., 1994; Jensen, 2000; Ramos-Espla et al., 2002; Boudouresque et al., 
2012). However, in other regions where societal and economic structures differ, legal 
enforcement may be a preferable and more efficient option. Where possible, legal actions 
may also avoid potential side-effects of artificial reefs, such as the increase of previously rare 
species (Ramos-Espla et al. 2000). The risk of unintended side-effects should be considered 
in conservation plans; in this case-study, the benefits of avoiding seagrass meadow loss from 
trawling likely far outweigh the side-effects (Giakoumi et al., 2012). 
 
The present study provides a transparent framework for the conservation of coastal habitats 
linking threats, conservation actions, and costs to make informed conservation decisions. 
More complexity can be introduced into the framework, but before taking this step, the 
scientific community is encouraged to continue to develop metrics that can reliably measure 
the impacts of human stressors and the benefits of conservation actions. A next step would be 
the development of a quantitative framework that includes management actions for arresting 
both sea- and land-based threats and their related cost. Ultimately, consideration of financial 
constraints when choosing from a broad array of actions for coastal habitat conservation will 
result in protection of greater areas of habitat at a lower cost.   
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Figure captions 
Figure 1. Framework linking threats, conservation actions, and cost. After setting a 
conservation objective, threats were categorized as stoppable or unstoppable. For the 
identified stoppable stressors, impact in terms of seagrass loss within a planning unit (PU) 
was estimated and a direct management action was proposed to mitigate the stressors’ 
impacts.  PUs severely affected by unstoppable threats were not selected for conservation 
action. The cost estimated for each action is the cost of protecting a PU that is fully covered 
with seagrass. 
Figure 2. Scenarios for trawling intensity and trawl path overlap. The solid grey line 
indicates the proportion of planning units (PUs) with a given number of trawl events; the dot 
and dashed line demonstrates the relation between number of trawling events and the 
proportion of PU swept when trawl paths are likely to follow the same paths (strongly 
overlapping paths); the dotted line indicates the relation between trawling events and the 
proportion of PU swept when trawlers are likely to avoid following the same trajectories 
(strongly avoiding paths); and the solid black line indicates the same relation assuming 
independent trawl movements (intermediately overlapping paths). 
Figure 3. Locations and type of actions required to achieve conservation objective based on 
a) cost-effectiveness, b) seagrass cover, c) level of threat, and d) avoided seagrass cover loss 
for the intermediately overlapping trawling scenario. 
Figure 4. Comparison of the cost for conserving 65% of current seagrass area for four 
prioritization criteria: 1) cost-effectiveness, 2) seagrass cover, 3) level of threat, and 4) 
avoided seagrass cover loss. We compared the cost of four prioritization criteria for each of 
the trawling scenarios ranking actions within sites. The three scenarios of overlap in trawl 
paths are: strongly overlapping, intermediately overlapping, and strongly avoiding. 
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